Background: Epidermolysis bullosa (EB) is a group of heritable diseases that manifest as blistering and erosions of the skin and mucous membranes. In the dystrophic forms of EB (DEB), the diagnostic hallmark is abnormalities in the anchoring fibrils, attachment structures beneath the cutaneous basement membrane zone. The major component of anchoring fibrils is type VII collagen, and DEB has been linked to the type VII collagen
INTRODUCTION
Epidermolysis bullosa (EB) is a group of heritable mechano-bullous diseases, which manifest as blistering and erosions of the skin and the mucous membranes as a result of minor trauma (1) (2) (3) . The inheritance pattern can be either autosomal dominant or autosomal recessive. EB can be divided into three major general categories, based on the level of tissue separation within the cutaneous basement membrane zone separating the epidermis from the dermis (Fig. 1 ). In the The skin layers affected in heritable cutaneous diseases are indicated on the left, and the specific gene products are listed on the right. Note that tissue separation in the dystrophic forms of epidermolysis bullosa (EB) occurs below the basement membrane at the level of anchoring fibrils, which consist of type VII collagen. EHK, epidermolytic hyperkeratosis; PPK, palmoplantar keratoderma. simplex forms, the tissue separation occurs within the basal keratinocytes as a result of mutations in keratins 5 and 14 (4) . In the junctional forms of EB, the tissue separation occurs within the basement membrane itself, at the level of the lamina lucida, and mutations in the genes encoding the anchoring filament protein laminin 5 (previously known as kalinin/nicein) have recently been delineated (5) (6) (7) (8) (9) . In the dystrophic, scarring forms of EB, the diagnostic hallmark is abnormalities in the anchoring fibrils, attachment structures extending from the basement membrane to the underlying dermis (3, 10 ). Anchoring fibrils are composed predominantly, if not exclusively, of type VII collagen, and recently a large number of mutations in the type VII collagen gene (COL7A1) have been disclosed in both the dominantly and recessively inherited forms of dystrophic EB (9, (11) (12) (13) (14) (15) (16) .
The spectrum of clinical severity of EB is highly variable (12) . In the simplex forms, the blistering tendency can be relatively mild, often limited to hands and feet, and there is significant improvement with age. In (12) . Because of the life-threatening complications and significant long-term morbidity associated with the most severe forms of EB, there has been a demand for prenatal diagnosis from families who have previously had an affected child, particularly those with severe, mutilating RDEB (17) . Until last year, fetal skin biopsy was the only method of prenatal diagnosis available to families at risk for recurrence of RDEB. Initially, skin biopsies were performed by direct fetoscopic visualization, but more recent advances have utilized biopsy forceps under ultrasound guidance. Fetal skin can then be examined by electron microscopy for morphological abnormalities in anchoring fibrils and sublamina densa blister formation (18) . This ultrastructural assessment may be supplemented by immunofluorescent antibody labeling of the dermal-epidermal junction using specific antibody probes (19) (4, 5, 9) . In particular, the dystrophic forms of EB are the result of mutations in COL7A1 (9) (10) (11) (12) (13) (14) (15) (16) 20) . Furthermore, genetic linkage analyses utilizing intragenic polymorphisms have yielded no evidence for locus heterogeneity among over 40 families with RDEB, and over 10 families with DDEB reported thus far (20) . These observations suggest, therefore, that all families with the dystrophic forms of EB are due to mutations in the COL7AL gene.
Recent cloning of the full-length type VII collagen cDNA (21) , elucidation of the exonintron organization of the entire COL7A1 gene (22) , and fine mapping of the gene to human chromosome 3p21.1 (23) have provided the basis for development of DNA-based prenatal diagnosis for the dystrophic forms of EB. In this study, we report DNA-based first trimester determination of the fetal genotype in 10 families at risk for recurrence of the severe, recessively inherited form of dystrophic EB. The predictions were performed by analyzing the presence of specific mutations identified in the families, or by genetic linkage markers using fetal DNA obtained through chorionic villus sampling or by amniocentesis. The results demonstrate the feasibility of DNA-based diagnosis during the first trimester of pregnancy.
MATERIALS AND METHODS Clinical Material
This study included 10 families, all having previously had at least one affected child with RDEB. The diagnosis of RDEB was based on clinical presentation, light microscopy demonstrating subepidermal blistering, and diagnostic transmission electron microscopy revealing ultrastructural abnormalities in the anchoring fibrils (2) . In most cases, direct immunofluorescence with an anti-type VII collagen monoclonal antibody, LH7:2, was also performed.
The families were evaluated by genetic counselors at the sites of fetal sampling, and all individuals signed informed consent for the research based diagnostic procedures. For analysis of the genotype underlying the RDEB phenotype, blood samples were obtained from the parents, the previously affected child, and whenever possible, from unaffected siblings. Fetal DNA samples were obtained in four cases by chorionic villus biopsy in the 10th-15th weeks of gestation, and in six cases through amniocentesis in the 12th-I 5th weeks of gestation. The chorionic villus samples and cells isolated from amniotic fluid were analyzed directly by polymerase chain reaction (PCR) amplification of COL7A1 and flanking DNA sequences. In nine cases, fetal cells were also cultured, and the test was confirmed approximately 2 weeks later from the cultured fetal cells. DNA Analyses DNA was isolated from peripheral blood using the standard phenol-chloroform extraction procedure (24) . DNA from chorionic villus samples was obtained by initial extraction in buffer containing 8 M urea, 0.3 M NaCl, 10 mM Tris-HCl (pH 7.5), 10 mM EDTA (pH 8.1), and 2% SDS, followed by phenol-chloroform-isoamyl alcohol extraction and precipitation with 0.5 M ammonium acetate in isopropanol (24) . Alternatively, cells were isolated from amniotic fluid by centrifugation at 10,000 rpm for 30 (25) . This hybrid panel allows markers previously localized to human chromosome 3p21 to be segregated into three contiguous intervals. Two intervals flank the COL7A1 locus at the telomeric and centromeric sides, while the remaining interval encompasses the COL7A1 locus. D3S1029 and D3S1076 are highly informative microsatellite markers present in the telomeric and centromeric intervals, respectively, while D3S1235, D3S1573, and D3S1581 are foundin the interval that includes the COL7A1 locus. During efforts to completely characterize the interval containing the COL7A1 locus, it was noted that D3S1581 was present on three independent P1 clones that also contain the COL7A1 locus. As the insert size of P1 clones ranges from 85 to 100 kb and the COL7A1 locus is 32 kb, these data suggest that D3S1581 is less than 70 kb from the COL7A1 locus.
Analysis of microsatellite markers was performed by end-labeling one primer using [,y33P ]dATP, and PCR consisting of 7 min at 95°C, followed by 27 cycles of 95°C, 1 min, 60°C, 1 min; 72°C, 1 min; and electrophoresis in a 6% standard polyacrylamide gel. Microsatellite markers were visualized by exposure of the gel to autoradiography, and genotypes were assigned by visual inspection. In most cases, a combination of informative polymorphisms and mutations were used to ascertain the inheritance of COL7AL alleles from the parents to the fetus, and haplotype analyses were used for prenatal determination of the fetal genotype (Table 4) .
RESULTS
DNA-Based Prenatal Diagnosis of RDEB in 10 Families All families requesting prenatal diagnosis for RDEB presented to genetic counselors between 6 and 15 weeks gestation (Fig. 2) . DNA samples from probands and family members were analyzed for the microsatellite markers D3S1029, D3S1235, D3S1573, D3S1076, and in some families D3S 1 581. In addition, mutation analysis and testing for the informativeness of intragenic COL7AL polymorphisms was initiated. Using this approach, we identified 11 COL7A1 mutations in nine families, including eight premature termination codons, two glycine substitutions, and a putative splicing mutation ( Fig. 3 and Table 4 ). Furthermore, each family was informative for several intragenic polymorphisms and/or flanking microsatellite markers (Tables 1, 2 C C x C ,00 band also had an older, clinically unaffected brother. At the time of delivery of the proband, numerous blisters and erosions were noted on the extremities, back, and the tongue, and new lesions continued to develop in a generalized distribution. Electron microscopic examination of a skin biopsy showed cleavage beneath the lamina densa associated with a lack of anchoring fibrils, and weak immunofluorescent staining for type VII collagen epitopes at the dermoepidermal junction. These features confirmed the diagnosis of dystrophic EB. At the age of 5 years, generalized hypertrophic and atrophic scars, extensive milia, and erosions of the buccal mucosa and tongue were noted. There was pseudosyndactyly of the toes of the right foot, and a complete absence of the nails.
The mother of the affected child presented at the 9th week of gestation requesting prenatal diagnosis. Due to sociocultural factors, including a month-long religious holiday and unavailability of a female obstetrician at the HMO to perform chorionic villus biopsy, amniocentesis was not performed until the 14th week of gestation. Linkage analysis using the intragenic PvuII polymorphism and a flanking polymorphic marker (D3S2) detectable by MspI endonuclease digestion, as well as a heteroduplex shift in intron 103 of COL7A1 reflecting a normal single base polymorphism, were used for haplotype analysis. Subsequent mutational analysis revealed a homozygous nonsense mutation (Q251X) in exon 6 (Fig. 3) . A combination of these markers allowed prediction of a clinically unaffected female fetus who was heterozygous carrier of the maternal mutation (Fig. 2B) . A healthy female infant was born in September 1994. Examination of her skin has not revealed any evidence of a blistering disease. FAMILY C. Family C consisted of a 2-year-old male who was noted at birth to have extensive blistering, and the diagnosis of RDEB was made by transmission electron microscopy, which demonstrated sublamina densa tissue separation with complete absence of anchoring fibrils, both in the lesional and perilesional skin. The unrelated parents were clinically unaffected, and there were no other children. The mother presented to a genetic counselor in the 8th week of gestation requesting prenatal diagnosis. At that point, blood samples were obtained from the parents and the previously affected child. Intragenic polymorphisms detectable by AluI endonuclease digestion (26) and by heteroduplex analysis of the COL7A1 segment encompassing exons 103-104 were found to be informative. Subsequently, the maternal mutation was delineated (7729delC) in exon 104, resulting in a frameshift and premature termination codon downstream from the site of the deletion. In addition, three flanking markers (D3S1029, D3S2, and D3S1076) were used for haplotype analysis. No recombination between any of these markers and the COL7AL locus was detected in this family. Chorionic villus sampling was performed in the 10th week of gestation, and genetic information based on the family haplotype analysis and the exclusion of the maternal mutation allowed the prediction of a clinically normal fetus (Fig. 2C) (2) . The diagnosis of DEB was confirmed by diagnostic electron microscopy, which revealed the presence of hypoplastic anchoring fibrils and separation of the epidermis beneath the dermal-epidermal basement membrane. Epitope mapping revealed that bullous pemphigoid antigen and type IV collagen, components of the dermal-epidermal basement membrane (see Fig. 1 ), were along the roof of the blister, confirming sublamina densa separation. However, type VII collagen was present in apparently normal amounts at the dermal-epidermal junction in perilesional skin and in the roof of the blisters. These findings were interpreted to be consistent with a dystrophic form of EB, possibly the mitis variant of generalized RDEB, although a new dominant mutation could not be excluded on the basis of these morphologic observations. However, subsequent genetic analyses of COL7A1 revealed pathogenetic mutations in both alleles, confirming a recessive form of DEB. The father was shown to be carrier of a nonsense mutation, R2471X, while the mother was shown to have a missense mutation, G2563R. In addition to these mutations, two flanking polymorphisms (D3S2 and D3F15S2) were informative in the family. The mother presented to a genetic counselor in the 9th week of gestation, and requested prenatal diagnosis. Amniocentesis was performed in the 15th week of gestation. Analysis of the fetal DNA predicted that the fetus is a clinically unaffected male carrier of the paternal mutation, R2471X (Fig. 2F) . Specifically, the fetus did not carry the maternal mutation, and the flanking polymorphisms were consistent with this conclusion. A healthy male infant was born in March 1995.
FAMILY G. Family G consisted of an 8-year-old male severely affected with RDEB. The parents, who were clinically unaffected, were first cousins of Indian origin, and the union had also resulted in three previous miscarriages. Another branch of the family consisted of unaffected cousins who were parents of three children affected with RDEB, all of whom had died from complications of the disease. The latter mating had produced two clinically unaffected daughters.
The mother of the affected 8-year-old male with RDEB presented to a genetic counseling unit in India in the 11th week of gestation, and requested prenatal diagnosis. Analysis of the intragenic PvuII polymorphism indicated that both parents were heterozygous for this polymorphism (AB genotype). The previously affected child was homozygous for presence of the PvuII polymorphism (BB genotype). DNA from the fetus obtained from a chorionic villus sample in the 15th week of gestation revealed that the fetus was homozygous for the absence of the PvuII polymorphism (AA genotype), thus predicting a phenotypically healthy female (Fig. 2G) ping study indicated that bullous pemphigoid antigen, laminin 1, type IV collagen, and type VII collagen epitopes were expressed along the roof of a subepidermal blister. These findings were consistent with the diagnosis of DEB. The parents were clinically unaffected, and there were no other children. The mother presented for prenatal diagnosis at 6 weeks of gestation. DNA analysis of the parents and previously affected child revealed that two flanking polymorphisms (D3F15S2 and D3S2) were informative. Furthermore, heteroduplex analysis revealed distinct shifts in a maternal and a paternal COL7A1 allele, which were subsequently shown to reflect distinct mutations. Specifically, the paternal mutation (650IG->A) affects the splice site at the 3' end of exon 79, predicting aberrant splicing. The maternal mutation consists of a missense substitution of a glycine by an arginine (G2674R). Amniocentesis was performed in the 11th week of gestation, and analysis of the fetal DNA predicted a male carrier fetus lacking the paternal mutation (Fig. 2H) . A healthy male infant was born in April 1995.
FAMILY i. Family I presented with a 1-year-old Japanese male with typical clinical features of RDEB with severe fusion of the toes and fingers. The parents were clinically unaffected, and there were no other offspring. The diagnosis of RDEB was confirmed by diagnostic electron microscopy, which demonstrated tissue separation just beneath the lamina densa, and there were no mature anchoring fibrils. Indirect immunofluorescence revealed normal expression of the bullous pemphigoid antigen, type IV collagen, laminin 5 (GB3), and type VII collagen (LH7.2) epitopes in the roof of the blister. Molecular analysis of the COL7A1 gene in this family indicated that four microsatellite markers (D3S1029, D3S1235, D3S1076, and D3S 1573) were informative. However, the intragenic PvuII and the flanking polymorphisms (D3S2 and D3F1552) were not informative. In addition, the father was shown to be heterozygous for a 1 bp deletion of a C in exon 70 of COL7A1 (5818delC). This information was used for prenatal prediction from DNA sample obtained by amniocentesis at 16 weeks of gestation (Fig. 21) . The analysis indicated that the fetus was affected with RDEB. Fetal skin biopsy was performed at 20 weeks gestation, and revealed sublamina densa cleavage, consistent with RDEB, and the pregnancy was electively terminated.
FAMILY J. Family J consisted of an 11-year old male with typical features of RDEB. The parents were clinically unaffected and unrelated; however, they were both of German ancestry. The mother presented in the 10th week of gestation requesting prenatal diagnosis. Linkage analysis revealed that the family was fully informative for the PvuII polymorphism in COL7A1, and partially informative for the flanking markers D3S2 and D3F1 5S2. Heteroduplex analysis also revealed a unique and identical shift in both parents, in the PCR fragment spanning exons 114 and 115 of COL7A1, for which the affected child was homozygous. Sequence analysis revealed a C-to-T transition at nt 8440, resulting in a nonsense mutation at amino acid 2814 of COL7A1 (R2814X). Analysis of chorionic villi obtained the following week revealed the fetus to be an unaffected male carrying neither of the parental mutant alleles (Fig. 2J) (11) (12) (13) (14) (15) (16) . This information provides the basis for the use of haplotype analysis by informative polymorphisms for prenatal testing of RDEB. It should be noted, however, that most of the families tested for RDEB had only one previously affected child. One of the potential pitfalls of the haplotype analysis using polymorphic markers is the possibility of a de novo mutation or a parental germline mosaicism in one of the alleles inherited by the previously affected offspring. For this reason, the prenatal testing should, if possible, be based on direct demonstration of the presence or absence of the mutations in both COL7A1 alleles. Towards this goal, we recently cloned the entire human COL7A1 gene (21) , elucidated the exon-intron organization (22) , and developed PCR strategy that allows amplification of all 118 exons. PCR amplification products are then routinely examined for putative mutations by heteroduplex scanning, which has been shown to reliably detect single-base substitutions, insertions, or deletions within the gene. A complete heteroduplex profile of the COL7A1 alleles from the parents, and a previously affected child can be obtained within 72 hours. If bands of altered mobility in the heteroduplex analysis will be detected, the sequence variant can be determined by automated nucleotide sequencing of the PCR product. Thus, this strategy will allow elucidation of the specific mutations in most cases, which can then be tested in fetal DNA obtained from chorionic villi or from amniocytes. This approach yielded the identification of 11 previously undescribed mutations in COL7A1 in nine of the families in this study (Table 3) .
Under ideal conditions, the DNA analysis of the nuclear family, including testing for polymorphic markers and microsatellite repeats as well as mutation detection, can be completed within 2 weeks. Once the DNA analysis of the parents and the previously affected child is completed, the testing of the fetal DNA can be accomplished within 48 hr from the time of the arrival of the sample into the laboratory. Routinely, the test can be confirmed from fetal cells grown either from chorionic villus samples or from amniotic fluid. Since chorionic villus sampling can be performed safely as early as the 10th week of gestation, and amniocentesis is now be-ing performed as early as the 12th week of gestation, the DNA-based prenatal testing can be completed well within the first trimester of gestation.
Advantages of DNA-Based Testing versus Fetal Skin Biopsy Up to now, the only available means for prenatal testing for dystrophic EB has been fetal skin biopsy at the 1 8th-2 1st week of gestation. The skin biopsy specimens were examined for the level of tissue separation and the quantity and morphology of anchoring fibrils within the dermal-epidermal junction. Since the diagnostic hallmark of the dystrophic forms of EB is abnormalities in the anchoring fibrils, this technique has been a reliable means for prenatal diagnosis of this skin disease. However, the drawbacks of the fetal skin biopsy include the fact that the biopsy is performed relatively late, and termination of the pregnancy, if elected, will take place during the second trimester. Furthermore, the invasive procedure in itself is associated with increased fetal loss. Also, the fetal skin biopsy requires specialized skills which are available only in selected medical centers, and there are relatively few electron microscopists proficient in accurate evaluation of the ultrastructural morphology of the fetal skin. In contrast, chorionic villus sampling and amniocentesis are routine procedures in most medical centers and can be performed in the office setting. Furthermore, PCR amplification of COL7A1 sequences, once the design of appropriate primers and PCR amplification conditions have been established, is routinely achievable in most laboratories proficient in molecular genetics. Finally, the turnover time of the PCR-based assay is relatively short, the results being available from fetal DNA within 48 hours, once the mutation and/or haplotype analyses have been performed in parents and the previously affected child. Consequently, it is predictable that the DNA-based testing for RDEB in families at risk for recurrence will replace the invasive fetal skin biopsy in the near future (29, 30) . Mutation-based DNA testing for the fetal genotype during the first trimester of gestation is advantageous in reducing the period of anxiety and uncertainty on part of the parents.
Suggested Guidelines for DNA-Based Prenatal Diagnosis of RDEB In most severe cases, the recessively inherited forms of dystrophic EB present with extreme mutilating scarring of the skin and the gastrointestinal tract, and are frequently associated with premature demise of the affected individuals. The spectrum of severity noted within the dystrophic forms of EB apparently reflects the types and combinations of specific mutations underlying this disease in COL7A1 in different families. Therefore, mutation-based DNA testing of RDEB must be specifically designed for each family. Haplotype analysis, using informative singlebase polymorphisms or microsatellite markers has to be undertaken with recognition that rare de novo mutations or parental germ line mosaicism can lead to a false positive prediction of the fetal genotype. It should be noted, however, that in a recessively inherited condition, the haplotype analysis using intragenic markers theoretically cannot result in false negative predictions of the fetal genotype.
Based on these considerations, we propose the following guidelines for DNA-based prenatal diagnosis of RDEB in families at risk for recurrence: 
